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Introduction
Spiral waves are observed in various nonequilibrium systems that have a two-dimensional (2D) spatial extension. Various examples are known to exist in a number of different biological as well as chemical systems. Some of the most well known examples in nonlinear chemistry are the Belousov-Zhabotinsky reaction-diffusion system [1] - [3] , the chloride-iodide-malonic acid reaction-diffusion system [4, 5] , the ferrocyanide-iodate-sulfite reaction-diffusion system [6] - [8] , and catalytic oxidation of CO on Pt [9, 10] . There also exist many different examples in biology, and they have important biological and/or medical implications. Some well known examples are cyclic adenosine monophoshpate (cAMP) waves in populations of Dictyostelium discoidium cells [11] - [13] , cardiac wave reentries [14] - [17] , and calcium waves in oocytes [18, 19] and glia cell networks [20] . In all cases, the spiral wave activity either underlies an important biological function or has a physiological significance. For example, the emergence of calcium waves following fertilization and the subsequent, prolonged, elevation of calcium levels in the cytosol of oocytes is known to down-regulate the cell division [21] .
The most important example of spiral waves is perhaps cardiac reentries from the viewpoint of medical applications. Spatiotemporal wave activities in heart tissue have long been a subject of numerous studies because they are responsible for cardiac arrythmia [14] - [17] , [22] - [26] . Particular attention has been paid to the formation of spiral waves in the ventricles because there exists a substantial amount of evidence that it is the most prevailing cause for ventricular tachycardia which subsequently destabilizes into a ventricle fibrillation [15] - [17] , [24, 26] .
Investigating their properties are, however, expensive, and demanding tasks for a number of reasons, in particular, for large animal experiments. Firstly, the anatomical complexity of the intact heart often prevents one from making any easy interpretation of the observed cardiac waves and their instability. Secondly, it is practically difficult to keep the whole heart system under investigation viable and controlled for more than a day. Thirdly, the current imaging techniques for visualizing cardiac waves of the whole heart mostly rely on extrinsically introduced fluorescent dyes which are invasive to the system. More importantly, the fluorescent dyes bleach out in a few hours-a critical hindrance that makes a long-term experimental 3 investigation impossible. Multi-electrodes mapping is an alternative method that is free from the dye toxicity and bleaching effects, but in practice its spatial resolution is limited.
With all these drawbacks of in vivo heart studies, primary cultures of dissociated cardiac cells have been developed and used as a useful alternative to whole heart preparation [27] - [33] . Given the advancement in primary cell culture techniques over the years, one can now easily prepare several large cardiac culture dishes at a time and keep their viability for a long period of time (∼weeks) without much effort. Indeed, in vitro cardiac tissues have become a very useful subject for quantitative, parametric, studies of cardiac waves. One can easily manipulate the density and composition of culture tissues. Thus, systematic quantifications have become possible and experimental results can be compared with those of analytical and/or computational studies. Finally, for thin sample tissues one can also utilize the recently developed phase-optical imaging technique that renders the mechanical wave activity visible non-invasively [30] .
Ironically, some merits of primary cardiac cell cultures are a deficit from other perspectives. For example, some previous studies have considered the thickness of the heart wall and the orientation of cellular alignment along the thickness as important factors in determining the onset of cardiac wave instability [14] , [34] - [36] . In the thin quasi-2D layer of cultured cardiac cells, one has no option for addressing these 3D issues. Another important deficit is the existence of various inhomogeneities that are unintentionally introduced during culture preparations. Some of them are quite unavoidable. Another significant factor that should be accounted for in quantifying cardiac wave dynamics in culture is the maturation process of the system: one may consider the culture as a 2D model heart that grows in a controlled environment [30] .
The purpose of this paper is to elucidate two commonly observed phenomena that are believed to be caused by the local inhomogeneities of the culture samples that we normally prepare. Firstly, we discuss the phenomenon of spiral wave entrainment that arises at the early stage of cell culture. The entrainment is based on some differences among the rotation periods of neighboring spiral waves and the subsequent drift of the core of the spiral wave tip rotating more slowly. Secondly, we discuss the period-2 oscillatory spiral wave rotation caused by a small set of localized inhomogeneities. We first discuss the observations in experiments and reproduce them in a simple model system incorporating some spatial inhomogeneities.
Our paper is organized as follows. In the next section, we describe the experimental procedure for preparing dissociated cardiac cell cultures and the potential sources for the spatial inhomogeneities. In section 3, we describe the phenomenon of cardiac spiral wave entrainment as typically seen in our experiments. In section 4, we describe the dynamics of a period-2 oscillatory spiral wave as an example of complex oscillatory spiral waves that are made possible by a local inhomogeneity. In section 5, we describe our mathematical model. In section 6, with some arguments based on spatial inhomogeneities, we reproduce the experimental observations in a model system. Section 7 reviews earlier related studies. Finally, we conclude our investigations in section 8.
Primary cultures of dissociated cardiac cells and spatial inhomogeneities
Confluent dishes of rat ventricle cells are prepared using well-established protocols and procedures described earlier [30, 33] . Typically, ventricles of neonatal (1-2 day old) rats are dissociated with trypsin, counted and plated on 35 mm polystyrene petri dishes that are coated with collagen type IV. Throughout the experiments, the cell density at the time of plating is kept The imaging is done at 7 days in vitro. The cells are fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Then, they are incubated with mouse monoclonal antibodies against cardiac myosin heavy chain (ab15, abcam, Cambridge, UK). The myosin antibodies are tagged by fluorescein-labeled isothiocyanate (FITC) conjugated secondary antibody (green) and the nuclei are stained with 2 µg ml −1 propidium iodide (red). Each frame is 640 × 640 µm 2 . at 2.3 × 10 3 cells mm −2 . Individual cardiac cells are randomly oriented at the time of plating, therefore there is no directional anisotropy in the system unlike in real heart tissue in which rod-shaped cardiomyocytes are aligned along their long axes in a non-trivial way. This property seems to be maintained even in the mature stage of the culture (see figure 1 ): cardiomyocytes are dispersed randomly and their long axes have no directional preference.
Another feature of our in vitro cardiac tissue is that it is composed not only of cardiomyocytes but also of fibroblasts. As figure 1 well illustrates, during a mature stage of the culture fibroblasts and cardiomyocytes are inter-dispersed with each other forming a confluent layer (see figure 1(d) ). Quite a significant fraction of the total area is covered by fibroblasts. Here, the density of the fibroblast cell population is higher than the physiologically relevant value: this is because at this developmental stage, fibroblasts still replicate while cardiomyocytes do not. Therefore, the ratio of the densities of the two different cell populations is likely to vary gradually over days. Taking all these facts together, we may state that the culture medium is not an ideal, homogeneous, isotropic tissue: it is neither homogeneous nor isotropic at various levels. The size of spatial inhomogeneity can be as large as a few millimetres.
The existence of spatial inhomogeneity is especially evident during the first few days after cell plating. At this stage, cells tend to form small aggregates not fully attached to the substrate (see figure 2(a)). These small cell aggregates progressively smear out themselves on to the substrate forming a thin tissue as the system becomes more mature in time (see figure 2(b)). Consequently, the effective density of cardiomyocytes participating in the in vitro tissue sitting right on the substrate may be viewed to increase gradually over several days after the initial plating. While this happens, the density of gap junction proteins on the plasma membrane, which mediate direct myocyte-myocyte connectivity, increases as well (see figure 2(b)). In other words, the degree of electrical connectivity among neighboring myocytes also increases with time.
Early developmental stage: spiral wave entrainment
In almost all culture dishes that we have prepared, some noisy wave activities emerge spontaneously, often as early as one day after the initial cell plating as shown in figure 3 . We believe that excitable ventricle cells can spontaneously beat by themselves under some culture conditions and initiate wave activities. Alternatively, some pacemaker cells (e.g. from the atrioventricular node) may be unintentionally included in our cell cultures, and they may have initiated waves. Given the fact that every culture plate that we have prepared produces wave activities spontaneously, the first scenario seems more plausible.
With time passing by, larger cardiac wavelets emerge increasingly more frequently. Then, they interact with each other as they propagate in the active medium. Considering the fact that the overall gap junction expression is quite low as shown in figure 2 and that many cardiomyocytes form small localized aggregates at the early stage (1-3 days in vitro), not being fully integrated into the bulk tissue, the emergence of these sizable wavelets having a quite well-defined characteristic length scale is surprising.
As the culture becomes mature, each broken wavelet usually becomes a small pair of spirals. Neighboring spiral waves then compete and entrain each other, and in the end only a few spiral cores dominate the entire culture medium (figure 3). )). At one instance, one of the spiral tips (traced by the blue line) is suddenly 'displaced' (figure 5(c)) and the co-rotating symmetry of the pair is broken. Subsequently, the displaced one drifts rapidly away from the other in the form of a pulled spring and exits from the field of view. The displacement of one of two spiral tips may be viewed as the transition of a spiral core that faces an increasing limitation on space and time for a curling.
As will be discussed more in detail later in the section on model studies, the spiral wave core entrainment seems primarily due to a slight difference in the rotation periods of two neighboring spiral waves. The annihilation zone where two traveling wave fronts meet and annihilate progressively moves toward the core of the slowly rotating spiral wave (see e.g. [37] ). Then, when the annihilation zone becomes so close to the slower spiral core, the tip suddenly starts to drift. The rotation periods of spiral waves in a given medium can be different because spiral cores are often pinned to a different localized inhomogeneity, and the rotation period can vary according to the size of the inhomogeneity (see for example, [38] - [40] ).
Localized inhomogeneities and 2 : 1 oscillatory spiral reentry wave
Another important phenomenon that is believed to be caused by a localized inhomogeneity in the culture medium is meandering spiral waves that drive a complex-oscillatory excitation rhythm. This was discussed in our earlier report [33] and one of them is given in figure 6 : the sequence of images illustrates a spiral tip traveling along a closed orbit that is composed of two loops, one small and the other larger. As the wave tip rotates along the two different loops (see figure 6 (b)), the amplitudes and intervals of successive beats alternate between two different values in the bulk medium: one example is the time series (red line in figure 6(c)) acquired at the position marked by a red dot in figure 6(a). This period-2 oscillatory state lasts for quite 7 34 Figure 3 . A typical spatiotemporal evolution of spiral waves in the early stage of a primary culture of dissociated rat ventricular cells: generically, many small wavelets compete with each other and a few spiral cores survive at the end. The electro-mechanical activity of the culture tissue is visualized by the propagationinduced phase contrast macroscope and image processing software developed earlier by us (for details, see [30] ). Each frame is 35 × 35 mm 2 . some time until it suddenly switches to a different oscillatory state (see [33] for details). Note that inside the larger lobe (i.e. the position marked by a green dot in figure 6(a)), cells are fully excited only once during each period-2 cycle oscillation of the bulk medium (see the time series (green) in figure 6(c) ). This period-2 oscillatory spiral reentry distinguishes itself from similar period-2 oscillatory spiral structures that naturally arise in period-2 oscillatory homogeneous media by the fact that it has no 'line defect' attached to its core [41] - [43] .
We believe that the unusually shaped spiral tip orbit and the resulting dynamics are supported by the presence of a local inhomogeneity as we will recapitulate the same phenomenon in the section for model simulations. Although unusual meandering spiral tip trajectories are known to exist in homogeneous excitable media [44] - [46] , so far none of them exhibits a frequency-locked behavior such as the period-2 oscillation that we discuss here. Frequency-locked meandering orbits are known to exist only when the concerned medium has spatial anisotropy [47] or has a localized extrinsic perturbation [48] . This fact suggests that our observation is very likely due to some localized inhomogeneities. In the following sections, we explain how localized inhomogeneities can cause the observed phenomena.
Model
The aforementioned two experimental observations can be well reproduced in computer simulations of a cardiac tissue model that incorporates some realistic spatial heterogeneities. Basically, we use the three variable simplified model of heart tissue that was developed by Fenton and Karma [34] . The Fenton-Karma model, although it does not involve detailed ion channel properties explicitly, is well known for its faithful reproduction of the action potentials in the myocytes of several different animals. Since we are interested in the qualitative behaviors of the cardiac spiral waves interacting with localized inhomogeneities, this, qualitative, yet physiologically relevant, model seems just appropriate.
In the model, the transmembrane potential is determined by three ionic currents, which are the fast inward current I fi , the slow outward current I so and the slow inward current I si . The equation for the membrane potential can be written as follows.
The ionic currents have the following mathematical form.
. Two gating variables v and w are described by ∂v(x, t) ∂t 
where In order to mimic the spatial inhomogeneities of our culture tissues, some heterogeneities are added to the above model as described in the next section. Basically, we consider two different cases: firstly, randomly distributed small-size heterogeneities and secondly, a pair of neighboring obstacles whose dimension is comparable to that of spiral wave core.
We have used the forward Euler method to integrate the cable equation (1) and equations for two gating variables (2) and (3). The integration time step t is 0.05 ms and the grid size x is 0.05 cm. The diffusion constant D is 0.001 cm 2 ms −1 unless otherwise mentioned, and C m = 1 µF cm −2 . The system size is 256 × 256 (or in real physical dimensions, 12.8 × 12.8 cm 2 ) unless otherwise specified.
Simulation results

Local inhomogeneities, core anchoring and spiral wave entrainment
Localized spatial inhomogeneities (anatomical obstacles) are often discussed as a source for cardiac reentry generation [49] - [52] . Another well known phenomenon associated with small obstacles is that rotating spiral wave cores can be attracted to them and get pinned [38] , [53] - [55] . Since spiral reentry dynamics is a critical factor governing the overall dynamics of According to the numerical simulation study by Zou et al [38] , the pinning-depinning transition depends on two factors, the radius of the obstacle and the 'impact parameter.' Interestingly, in the phase space of these two parameters, the critical line separating the trapped and the untrapped goes through the origin suggesting that the critical radius for the trapping could be very small.
The conduction velocity and rotation period of a pinned spiral wave are different from those of a free-running spiral wave, since the different curvature of a (round) obstacle imposes a different source-sink relation near the core [54] . Some careful measurements on this issue were recently made by Lim et al [55] who have used cultured cardiac tissues having a diskshaped obstacle. Their study seems focused at the nonlinear regime in which there exists a strong conduction velocity dispersion effect.
In order to make a simple explanation of our experimental observations, here we only consider the case when the size of the obstacle is rather big (i.e. larger than the size of the circular orbit traced by the tip of an unpinned spiral wave in an homogeneous medium). One immediate consequence of the pinning, then, would be period lengthening [40] : in this 'linear regime' the conduction velocity does not change much (i.e. conduction velocity dispersion is very weak); therefore the anchored spiral tip simply travels a longer circumference in order to complete a full rotation.
Simulations on the Fenton-Karma model with a large obstacle well support this picture (see figure 7) : the rotation period increases linearly as a function of the peripheral length of the non-conducting zone when a disk is considered as an obstacle (see figure 7) . The spiral tip is moving at a constant speed regardless of the size of the obstacle, and this is natural since the wave dispersion becomes irrelevant for a fully recovered medium. 
Excitable media such as cultured cardiac tissue naturally involve various localized inhomogeneities. Therefore, in such media several spiral cores, each of which have a quite different rotation period, can co-exist simultaneously. However, these spirals will compete with each other for their territories and eventually the one having the highest rotation frequency will overtake the slower ones and dominate the system (see, e.g. [37] ).
The anchoring of spiral wave cores and the subsequent period lengthening of the spiral waves discussed above are believed to be relevant to the entrainment dynamics in the early stage of the tissue development that is addressed in section 3 (see figure 3 and 4 ). Yet, the typical length scale of spatial inhomogeneities in our cultures can be much smaller than the full extension (∼2 mm) of a normal circular tip trajectory. Then, the aforementioned anchoring phenomenon becomes irrelevant to the actual entrainment dynamics. However, even when there are randomly distributed small inhomogeneities, some small differences can exist among the rotation periods of different spiral waves, thus a similar competition based on the rotation period ensues. Such a case is considered in figure 8 .
For the simulation results shown in figure 8 , each pixel is assigned one of two different levels of diffusivity (D = 0.001 or 0.002 cm 2 ms −1 ) in a random fashion in order to mimic the overall spatial inhomogeneity in actual in vitro cardiac tissue. A sequence of random numbers p ranging from 0 to 1 is generated based on an uniform deviate, and they are assigned to different pixels. Then, for a given threshold p cut , only pixels with p < p cut are assumed to have D = 0.002 cm 2 ms −1 . Other pixels having p > p cut are assumed to have D = 0.001 cm 2 ms −1 . This simple model reflects the fact that for the early stages of cardiac cell cultures the myocyte population density is not uniform and that the in vitro culture tissue is composed of two different types of cells, myocytes and fibroblasts. Thus, one may view the pixels having D = 0.002 cm 2 ms −1 as representing a small patch of well connected myocytes, whereas the pixels having D = 0.001 cm 2 ms −1 represent an immature network of myocytes or network of fibroblasts. Finally, the threshold value p cut is increased in time to reflect the developmental process taking place in the in vitro tissues: the value of p cut is increased from 0.1 to 0.9 with a step size of 0.1 to simulate that the portion of mature cells and/or the cell-to-cell connectivity increases in time.
The particular example depicted in figure 8(a) shows four different spirals initially. Their periods are slightly different because the corresponding spiral tips experience a different landscape of inhomogeneities. Shock zones where waves from different spiral cores collide and annihilate form, and they progressively move toward the cores of the slowly rotating spiral waves (not shown). When a shock zone reaches too close to the slow spiral wave tip, beyond a critical value, the circular motion of the slow tip can no longer be supported and the orbit drifts off toward the system boundary and exits from the field of view. Note that when the system has evolved to the state shown in figure 8(c), only two spiral cores remain.
The underlying spatial inhomogeneities and the very onset of a spiral core drift is detailed in figure 9 . We note that the orbit traced by the spiral tip, even before the major drift starts, has some noticeable wobbles. In other words, it does not repeat itself exactly along a circle. This minor drift of an inherently circular trajectory is due to the presence of small scale inhomogeneities, and we note that one of the earlier numerical studies addressing spiral wave competition [39] confirmed that such small fluctuations can provide spatial dependence to the frequency of spiral waves and form the formation of a dominant spiral. We note that the major drift motion is triggered only when there is a direct interaction of the core with the incoming wave fronts.
Spiral reentry wave with two alternating periods
Some complex-oscillatory beatings can be supported in in vitro cardiac tissues due to the presence of a meandering spiral reentry. Even in perfectly homogeneous excitable media, meandering spiral tip dynamics forming an epicycloid or cycloid orbit can emerge through a Hopf bifurcation of a (circular) simply rotating spiral wave [44, 45] . However, no case of frequency-locked meandering is known to exist so far in homogeneous media. In other word, no complex periodic cycle is likely to occur in a regular homogeneous excitable medium. With this fact in mind, we demonstrate that the meandering of the cardiac reentry wave shown in figure 6 , producing a period-2 cycle oscillation in the bulk medium, can be caused by the presence of a simple pair of localized inhomogeneities: one of them is an absolute (conduction) obstacle, while the other is a functional obstacle that has a prolonged recovery period. Figure 10 illustrates the pair of obstacles located neighboring each other and the sequential images of a spiral reentry rotating about it at different instances of time. The disk domain labeled by B in figure 10 (e) represents an absolute obstacle through which no wave can conduct. Since its physical dimension is set sufficiently large enough, a spiral tip can be anchored and pinned to it as discussed in figure 7 . Without the functional obstacle labeled by A, the pinned spiral wave would have been stably circulating about the disk shaped domain B in a trivial fashion. The additional obstacle A, which is functional, works as a 'valve' allowing the spiral tip to pass through only every other time. In other words, the additional obstacle acts as a 2 : 1-block obstacle. This can be achieved by making the region have a longer action potential duration (i.e. lengthening the recovery period). With this functional 2 : 1-block obstacle in place, the spiral tip traces out a closed two-lobe meandering orbit in a periodic manner-along orbit-1 followed by orbit-2 (see figure 10 (a)-(d)). This alternating cycle repeats and drives a period-2 cycle excitation in the bulk medium as shown in the return map of the successive inter-beatintervals T n (see figure 10 (f)).
The physical dimensions (the sizes and shapes) of the conduction obstacles are not a critical factor in generating the closed period-2 orbit, as long as they are properly adjusted, the spiral core will stay around the pair of conduction obstacles. One important factor is that the physical dimension of the 2 : 1-block obstacle must not be too large, otherwise the spiral core cannot be 're-injected' to the disk-shaped absolute conduction obstacle and subsequently a closed period-2 cycle would not be feasible.
Discussion
The drift (or complex trajectory) of a spiral reentry core that is caused either by its interaction with a higher frequency source (pacing) or by some extrinsic gradient field is a well established problem in the scientific community studying excitable wave dynamics. The phenomenon was first discussed in connection with spiral waves in Belousov-Zhabotinsky chemical systems [56, 57] and later discussed in other systems such as Dictyostelium discoidium amoeba populations [11] and cardiac tissues [58] - [61] as well. There also exist several numerical studies based on reaction-diffusion models regarding spiral drift phenomena [37, 39, 40, 48, 58, 62] . However, the topic still remains an area of active research, in particular in cardiology: for example, anti-tachycardia pacing, which eliminates spiral waves, has a wide clinical use but its mechanism is still not well understood. This is in part due to the fact that studying the phenomenon of spiral core drift in an intact heart involves several difficult challenges as mentioned earlier.
Our current report is one of very few cases that directly demonstrate spiral wave drift taking place in a cardiac system. In fact, only last year Agladze et al [60] quantified a similar cardiac wave drift phenomenon for the first time in a system that is very similar to ours. In their study, the drift was induced by a fast-paced, extrinsic stimulation, while in our system the drift was a consequence of two competing spiral waves having slightly different rotation periods.
Along with the drift phenomenon, the interaction of spiral reentries with anatomical obstacles has been another important topic in excitable wave dynamics. For example, the pinning-depinning transition in the presence of a gradient field was studied numerically by Zou et al [38] . Their study was motivated by the fact that the pinning phenomenon can be quite important in cardiology since the myocardium is replete with small inhomogeneities. In fact, it is known that the arrest of a meandering spiral, for example, can result in a simpler monomorphic 'flutter-like' activity [54] . Quite recently L Tung's group conducted a set of careful measurements on the relationship between the size of obstacle and the conduction velocity (or rotation period) of attached spiral waves, and their detachments following a reduction in excitability [55] .
The majority of previous investigations on the effect of local spatial heterogeneities on cardiac spiral wave dynamics has focused on the pinning effect. Here, our study has demonstrated that the localized obstacles are not just a pinning site but a proper arrangement of them can confer a regular, yet non-trivial (e.g. alternans-like) beating rhythm to the bulk tissue. The rhythm can become more complex as the geometry of the set of small obstacles, to which the spiral tip is anchored, has more complex twists and turns [33] .
Conclusion
Using computer simulations on a simple physiological model, we have reproduced two recurring generic phenomena that are repeatedly observed in our in vitro cardiac wave experiments, namely, the spiral wave entrainment (drift) dynamics and the complex-oscillatory meandering spiral waves. The key to this success is that our model simulations incorporate some simple, yet realistic, spatial inhomogeneities of the cultured tissue.
The primary cultures of ventricular cells that we have used for cardiac wave experiments include fibroblasts as well as myocytes. Abrupt discontinuities exist at the cellular interfaces between myocytes and fibroblasts: electrical impulses can conduct through a sizable bridge of fibroblasts between cardiomyocytes, yet at much slower speed [63, 64] . Therefore, the very existence of fibroblasts and their spatial distribution in confluent culture tissue should be accounted for. In other words, the two observed phenomena originate basically from the modulations in the path-lengths and periods of spiral tips, when the modulations are caused by the existence of local heterogeneities (e.g. varying cell density of myocytes and fibroblasts).
Knowing that localized heterogeneities are common in diseased hearts, the discussed phenomena not only pertain to in vitro tissues but are also relevant to many cases in clinical cardiology. We point out that post-myocardial infarction ventricles can have multiple reentrant paths and reentries often share the paths forming different orbits [49] - [52] .
